Proteins secreted by Bacillus amyloliquefaciens FZB42, a root-associated plant growthpromoting rhizobacterium, are thought to play an important role in the establishment of beneficial interactions with plants. To investigate the possible role of proteins in this process, extracellular proteome maps of B. amyloliquefaciens FZB42 during the late exponential and stationary growth phases were generated using 2D gel electrophoresis. Out of the 121 proteins identified by MALDI-TOF MS, 61 were predicted to contain secretion signals. A few of the others, bearing no signal peptide, have been described as elicitors of plant innate immunity, including flagellin proteins, cold-shock proteins and the elongation factor Tu, suggesting that B. amyloliquefaciens FZB42 protects plants against disease by eliciting innate immunity. Our reference maps were used to monitor bacterial responses to maize root exudates. Approximately 34 proteins were differentially secreted in response to root exudates during either the late exponential or stationary phase. These were mainly involved in nutrient utilization and transport. The protein with the highest fold change in the presence of maize root exudates during the late exponential growth phase was acetolactate synthase (AlsS), an enzyme involved in the synthesis of the volatile acetoin, known as an inducer of systemic resistance against plant pathogens and as a trigger of plant growth.
INTRODUCTION
Bacillus amyloliquefaciens FZB42, a representative of plant growth-promoting rhizobacteria (Lugtenberg & Kamilova, 2009) , is the type strain for a group of plant-associated Bacillus spp. classified as B. amyloliquefaciens subsp. plantarum . Its 3918 kb genome, containing an estimated 3693 protein-coding sequences, lacks extended phage insertions, which occur ubiquitously in the closely related but non-plant-associated Bacillus subtilis 168 genome. Further analysis revealed that B. amyloliquefaciens FZB42 is a bacterium with impressive capacity to produce metabolites with antimicrobial activity (Chen et al., 2007) . Its antifungal activity is due to non-ribosomal synthesis of the cyclic lipopeptides bacillomycin D and fengycin, whilst its antibacterial activity is mainly due to non-ribosomally synthesized polyketides, bacilysin (Chen et al., 2009) and ribosomally synthesized bacteriocins (Scholz et al. 2011 (Scholz et al. , 2014 . The plant-colonizing ability of B. amyloliquefaciens FZB42 and its efficiency under field conditions were demonstrated (Fan et al., 2012) . As shown previously, B. amyloliquefaciens FZB42 is able to colonize the highly competitive rhizosphere [7.45-6 .61 log c.f.u. (g root dry mass)
21
] within the growth period of lettuce in the field (Chowdhury et al., 2013) .
Although the ability of B. amyloliquefaciens FZB42 to support plant growth is well documented (Borriss, 2011; Chowdhury et al., 2013) , the many interactions between plants and beneficial plant-associated bacilli are still elusive. The recognition process and establishment of interactions with plants are mediated via molecular signals produced by bacteria, commonly called elicitors, which are perceived by receptors in the plant cell membranes (Darvill & Albersheim, 1984) . From the plant side, root exudates have been proven to be essential for the initiation and establishment of plant-microbe interactions as the contain substrates and signalling compounds that affect gene expression of plant growth-promoting rhizobacteria, including B. amyloliquefaciens FZB42 (Fan et al., 2012) . Several factors are involved in the complex interplay between rootcolonizing bacteria and plants:
The general ability of B. amyloliquefaciens FZB42 to suppress soil-borne pathogens may improve plant health and positively affect the indigenous microbiome of the rhizosphere. In this context, we have to distinguish two different mechanisms: (i) competition with bacterial and plant pathogens by secretion of a plethora of secondary metabolites with antimicrobial action (see above), and (ii) stimulation of induced systemic resistance (Doornbos et al., 2012) by several metabolites, peptides and proteins. It was observed that plants recognize the different microbeassociated molecular patterns of beneficial microbes, similar to the recognition of pathogen-associated molecular patterns. This leads to a mild but effective activation of the plant immune response in the systemic tissues, called 'priming' (Pieterse et al., 2014) .
Volatiles, such as 2,3-butanediol and 3-hydroxy-2-butanone (acetoin), released by B. subtilis GB03 and B. amyloliquefaciens IN937a were reported to enhance plant growth (Ryu et al., 2003) . To synthesize 2,3-butanediol, pyruvate is converted to acetolactate by acetolactate synthase (AlsS). The enzyme, which lacks a signal peptide, catalyses the condensation of two pyruvates to form 2-acetolactate under oxygen-limiting conditions in order to maintain the internal cell pH. Subsequently, acetolactate is decarboxylated to acetoin by acetolactate decarboxylase (AlsD) (Renna et al., 1993) . B. amyloliquefaciens FZB42 mutant strains, deficient in the synthesis of volatiles due to mutations interrupting the alsD and alsS genes, were impaired in plant growth promotion (Borriss, 2011) .
B. amyloliquefaciens FZB42 stimulates plant growth, especially the root system, by tryptophan-dependent synthesis of indole-3-acetic acid (IAA). Inactivation of genes involved in tryptophan biosynthesis and in a putative tryptophandependent IAA biosynthesis pathway led to reduction of both IAA concentration and plant-growth-promoting activity in the respective mutant strains (Idris et al., 2002) .
Bacillus volatiles (Ryu et al., 2004) and cyclic lipopeptides, such as surfactin and fengycin (Ongena et al., 2007) , were shown to elicit immune response reactions in Arabidopsis plants. B. amyloliquefaciens can stimulate induced systemic resistance in oilseed rape against Botrytis cinerea (Sarosh et al., 2009) . Root-drench application of surfactin and live cells of mutant B. amyloliquefaciens FZB42-AK3 (which produces surfactin, but not bacillomycin D and fengycin) significantly reduced disease incidence and severity on perennial ryegrass (Rahman et al., 2014) .
Extracellular proteins play an important role in the adaptation of bacteria to constantly changing environmental conditions at the plant root and take part in the modulation of interactions with either other bacteria or host plants. The repertoire of degradative extracellular enzymes reflects the chemical complexity of the composite substrates that bacteria utilize. As with other soil saprophytic bacteria, B. amyloliquefaciens secretes enzymes that depolymerize complex structures of plant cell walls and make them useful for various cellular processes (Chen et al., 2007) .
We recently investigated the response of the B. amyloliquefaciens FZB42 transcriptome to the presence of plant root exudates (Fan et al., 2012; Carvalhais et al., 2013) . The quantity and composition of these exudates are dependent on a number of factors, including plant developmental stage, species and nutritional state (Carvalhais et al., 2011) . In this study, taking advantage of the availability of the B. amyloliquefaciens genome (Chen et al., 2007) , a proteomics investigation of plant-microbe interactions was performed as a comprehensive approach to our previous transcriptomics studies.
METHODS
Bacterial strain and culture conditions. B. amyloliquefaciens FZB42 (WT) was cultivated in 1C medium as described previously (Fan et al., 2012) . In order to simulate partially the chemical conditions that bacteria experience under soil conditions, the growth medium was supplemented with 10 % soil extract, which was prepared as described previously (Fan et al., 2012) by extracting 500 g dried, fertile garden soil with 1 l distilled water for 2 h and autoclaving at 120 uC for 20 min. After cooling, the supernatant was filtered with a 0.22 mm Nucleopore unit and then stored at 4 uC until use. Sterility was confirmed by spreading 200 ml oil extract on an LB agar plate and incubating at 37 uC for 24 h. This soil extract was previously shown to exert only minor changes on the transcriptome of B. amyloliquefaciens FZB42 (Fan et al., 2012) . Some treatments consisted of a further addition of maize root exudates to the culture medium up to a final concentration of 250 mg dry weight ml -1 . Sterilization of maize seeds and collection of root exudates were done as described previously (Fan et al., 2012) .
Protein extraction. B. amyloliquefaciens FZB42 strain cultures were harvested at OD 600 3.0 and 4.5 for the late exponential and stationary growth phases, respectively. The cells were removed by centrifugation (6400 g, 4 uC, 10 min). Trichloroacetic acid was added to the liquid fraction to a final concentration of 10 %. The extracellular proteins were precipitated at 4 uC overnight. Subsequently, extracellular proteins were collected by centrifugation (16000 g, 4 uC, 45 min). The protein pellet was washed three times with 2 ml ice-cold acetone and centrifuged (22000 g, 4 uC, 20 min). Similarly, two washing steps with 96 % ice-cold ethanol were performed. The extracellular proteins obtained were stored in 96 % ethanol at 220 uC.
2D gel electrophoresis and protein visualization. Protein concentration was quantified using a Bio-Rad protein assay kit following the manufacturer's recommendations. A sample of 500 mg extracellular protein was dissolved in rehydration buffer, which was composed of 8 M urea, 2 % (w/v) CHAPS, 50 mM DTT and 0.2 % (v/v) Biolyte Pharmalyte (40 %), pH 3-10 (Bio-Rad). A 10 min centrifugation step was performed to pellet the insoluble particles. The samples were used to rehydrate the pH 3-10, 24 cm immobilized pH gradient (IPG) strips (Bio-Rad) at room temperature overnight.
After IEF, the IPG strips were incubated for 15 min in an equilibration buffer [6 M urea, 30 % (v/v) glycerol, 50 mM Tris/ HCl (pH 6.8) and 4 % (v/v) SDS] containing 0.35 % (w/v) DTT. Subsequently, the IPG strips were transferred to the same equilibration buffer containing 4.5 % (w/v) iodoacetamide instead of DTT and incubated for another 15 min.
For the second-dimension gel electrophoresis, 15 % polyacrylamide gels were precast. IPG strips were placed on top of the polyacrylamide gels and covered by 0.5 % agarose with the addition of bromophenol blue. The run was carried out at 16 uC with an initial starting current of 3 mA per gel for 2 h, followed by a main run at 20 mA per gel. The run was continued until the bromophenol blue dye ran off the end of the gel. The resulting 2D gels were fixed with 50 % (v/v) ethanol/12 % (v/v) acetic acid for 2 h followed by two washing steps and subsequently stained with ]. After~20 h of staining, the excess Coomassie dye was removed by washing the gels in distilled water.
Image and data analysis. Coomassie-stained gels were digitalized by scanning with a Molecular Imager FX scanner (Bio-Rad). The images obtained were analysed with PDQuest software (version 7.2; Bio-Rad). The analysis consisted of spot detection, landmark identification, matching of spots within one group of gels, creation of an average gel, and molecular mass and isoelectric point (pI) calculation. Matched spots were inspected manually to verify the accuracy of the automatic gel matching. The spot volume was used as the analysis parameter for quantifying protein expression. In order to handle the missing spots, master gels were created containing spots from all the gels, which were then used to match all the spots for further statistical analysis. The gel images were optimized by removing background spots. For normalization, a formula was used that divides the raw quantity of each spot in a gel by the total intensity value of all the pixels in the image. The abundance of each protein spot was estimated by the percentage volume (vol.%), which represented the percentage of the total volume in all spots that were present in the gel. The spots that were present on at least two out of three gels of biological replication groups in each treatment were identified as protein spots. Three technical replicates were performed for each treatment. Fold changes in protein spot levels were calculated by comparing spot volumes in the group where root exudates were supplemented with the group without root exudates. The statistical significance of the quantitative data was determined using Student's ttest, P,0.05. Expression ratios of proteins were calculated based on the numerical data exported to Excel (Microsoft) from PDQuest software.
To generate an extracellular reference map, a protein was considered as expressed under the applied conditions only if it was detected in two out of three biological replicates. Three technical replicates were obtained for each biological replicate.
Identification of protein spots by MALDI-TOF MS. To identify the visualized proteins, spots were excised either manually or with a Proteome Works Spot Cutter System (Bio-Rad). The spots were transferred into 96-well microtitre plates. In-gel trypsin digestion of the proteins and extraction of the peptides were performed using an Ettan Spot Handling Workstation (GE Healthcare) according to a modified manufacturer's protocol. Briefly, gel pieces were washed twice with 50 % CH 3 CN/50 % 50 mM NH 4 HCO 3 for 30 min and once with 75 % CH 3 CN for 10 min. After drying at 37 uC for 17 min, 10 ml trypsin (20 ng ml 21 trypsin; Promega) was added and incubated at 37 uC for 120 min. For peptide extraction, gel pieces were covered with 0.1 % trifluoroacetic acid in 50 % CH 3 CN and incubated for 30 min at 40 uC. The peptide-containing supernatant was transferred into a new microtitre plate and the extraction was repeated. The supernatants were dried completely at 40 uC for 220 min. The peptides were dissolved in 2.0 ml matrix solution (a-cyano-4-hydroxy cinnamic acid in 50 % CH 3 CN/0.5 % trifluoroacetic acid) and 0.7 ml of this solution was spotted directly onto the MALDI target.
Peptide mass determination was carried out with a 4800 MALDI-TOF/TOF Proteomics Analyser (Applied Biosystems). Spectra were recorded in a mass range from 900 to 3700 Da with a focus mass of 2000 Da. For one main spectrum, 30 subspectra with 60 shots per subspectrum were accumulated using a random search pattern. Spectrum calibration and analysis were performed with 4000 Series Explorer software. When the autolytic fragments of trypsin with the mono-isotopic (M+H) + m/z at 1045.556 and 2211.104 reached a signal-to-noise ratio (S/N) of at least 20, an internal calibration was automatically performed as a two-point calibration using these peaks. The standard mass deviation was ,0.15 Da. When the automatic calibration failed (in ,1 %), calibration was carried out manually. Peak lists were created using the 'peak to mascot' script of the Explorer software with a S/N of 10-15. The mass range was 900-3700 Da. Filters for the peak search were set to a peak density of 15 peaks per 200 Da, a minimal peak area of 100 and maximal 60 peaks per spot. TOF/TOF measurements were carried out for the two highest peaks in a spectrum when possible. For one main spectrum, 25 subspectra with 125 shots per subspectrum were accumulated using a random search pattern. Internal calibration was automatically performed as a one-point calibration either with the mono-isotopic arginine (M+H)
+ peak m/z at 175.119 or the lysine (M+H) + peak m/z at 147.107, when the peaks reached at least a S/N ratio of 5. The settings for peak list creation were a mass range from 60 to precursor ion mass minus 20 Da, a peak density of 15 peaks per 200 Da, a minimal peak area of 100 and maximal 65 peaks per precursor. Peak lists were created with a S/N ratio of 10. For the database search, the Mascot search engine version 2.1 (Matrix Science) was used with a B. amyloliquefaciens sequence database (http://www.uniprot.org/). The search criteria were as follows: a charge state of the precursor ion of +1, a fragment mass tolerance of 0.55 Da, trypsin as enzyme, one missed cleavage allowed, and oxidation of methionine and carbamidomethylation of cysteine as modifications.
Software and bioinformatics approaches. Protein sequences of B. amyloliquefaciens FZB42 were derived from the GenBank database (http://www.ncbi.nlm.nih.gov/genbank/). Subcellular localization of proteins was predicted with PrediSi software. The signal peptide sequences were searched with SignalP version 3.0, TatP version 1.0 and SecretomeP version 2.0, available at the CBS prediction server (http://www.cbs.dtu.dk./services/). The transmembrane helices of the proteins were predicted with TMHMM version 2.0 (Krogh et al., 2001) . JVirGel software was employed for preparation of the theoretical secretome of B. amyloliquefaciens (Hiller et al., 2003) .
RESULTS AND DISCUSSION
'Hypothetical' and 'real' secretome of B. amyloliquefaciens FZB42
The availability of the B. amyloliquefaciens FZB42 genome allows the prediction of proteins containing the signal for translocation across the cell wall. Amongst the 3693 ORFs, 289 proteins (7.2 %) were predicted to be potentially exported from the cytoplasm. A theoretical secretome map was created to set appropriate conditions for successive analyses (Fig. S1 , available in the online Supplementary Material). As most of the extracellular proteins with K. Kierul and others molecular masses from 7 to 150 kDa were distributed across a pH gradient ranging from 4 to 11, IPG strips with a pH 3-10 gradient placed along a 15 % polyacrylamide gel were chosen as the standard analytical window.
According to their signal peptide sequences, most of the predicted extracellular proteins were secreted by the Sec machinery. Only 10 proteins were predicted to contain potential twin-arginine motifs, suggesting translocation via the twin-arginine translocation (Tat) pathway. The number of predicted twin-arginine sequences was similar to other Gram-positive bacteria, such as B. subtilis (Tjalsma et al., 2004) . Amongst the proteins with predicted signal peptides, we found that 213 possessed recognition sites for cleavage by the type I signal peptidase, whilst 72 proteins contained signal peptides with sites for cleavage by lipoprotein-specific signal peptidase II (Fig. S2 ).
2D gel electrophoresis revealed a higher number of visible spots for the stationary phase (239±22.9), than for the late exponential phase (151±3.8, Fig. 1 ). Analysis of the peptide mass fingerprints of these spots allowed the identification of a total of 121 different proteins (Table  S1 ). Some of the proteins, e.g. Vpr (minor extracellular serine protease), AmyE (a-amylase) and SacB (levansucrase), occurred as multiple spots, possibly as an artefact of isoelectric focusing due to trichloroacetic acid precipitation during sample preparation (Tjalsma et al., 2004) . Amongst the 121 extracellular proteins, only 61 were predicted to possess a signal peptide and to be secreted via the Sec pathway (Table 1 ). The N-terminal domains of many signal peptides displayed type I signal peptidase cleavage sites with the consensus motif A-X-A at positions -3 to -1, relative to the cleavage site. This is in accordance with findings obtained for B. subtilis (Tjalsma et al., 2000) .
The N-terminal domain of 11 proteins contained the socalled lipobox with the consensus sequence L-(A/S)-(A/G)-C, where the conserved cysteine residue is a target for lipid modification and is the first residue of the mature lipoprotein after cleavage by signal peptidase type II (Tjalsma et al., 2000) . Those proteins are involved in transport processes; some of these are ATP-binding cassette (ABC) transporters and therefore their N-terminal end would be expected to be lipid-anchored to the membrane. It is most likely that these proteins are released from the membrane by 'proteolytic shaving' (Tjalsma et al., 2004) . Alternatively, these lipoproteins could be actively released from the membrane with the help of the hypothetical release factor, as was observed for lipoproteins of Escherichia coli (Yakushi et al., 2000) .
Three proteins occurring in the extracellular proteome, i.e. phosphodiesterase/alkaline phosphatase (PhoD), bifunctional 29,39-cyclic nucleotide 29-phosphodiesterase/39-nucleotidase precursor protein (YfkN) and menaquinol-cytochrome c reductase iron-sulfur subunit (QcrA), possessed a twinarginine motif (RR/KR) within their signal peptides indicating secretion through the Tat pathway. In B. subtilis, these proteins were predicted to also possess Tat motifs. However, only PhoD has been shown to be translocated Tat dependently (Jongbloed et al., 2002) .
An N-terminal signal peptide sequence extension was not found in 60 proteins amongst the 121 extracellular proteins identified by MALDI-TOF MS (Table S2 ). Similar observations were also made in the extracellular proteomes of B. subtilis and Bacillus licheniformis (Tjalsma et al., 2004; Voigt et al., 2006) . Their extracellular occurrence may be caused by cell lysis during culturing or sample preparation. Several of those proteins appeared to be the most abundant cytoplasmic proteins, such as the chaperone proteins GroEL and DnaK, as well as the translation elongation factor Tu (Tuf), enolase (Eno) and the superoxide dismutase (SodA). The elongation factor Tu, which is essential for protein translation, has been reported to be a potent elicitor of defence responses and diseases resistance in Arabidopsis (Kunze et al., 2004) . The flagellar hook-associated proteins (FliD and FlgK), the flagellar hook protein (FlgE) and flagellin (Hag) are either released from damaged flagella or exported via specific machinery for the assembly of flagella (Tjalsma et al., 2004) . Flagellins have been shown to trigger defenceassociated responses in plants, including Arabidopsis and tomato (Felix et al., 1999) . Another explanation for secretion of proteins lacking a signal peptide could be the existence of a Sec-independent secretion pathway. Proteins with a nonclassical signal peptide were searched using SecretomeP software. As a result, 23 of these were predicted to be secreted via a Sec-independent pathway (Table S2 ). The function of some proteins, such as vegetative catalase (KatA), superoxide dismutase (SodA), cold-shock protein D (CspD) and flagellar hook proteins (FlgGK), is consistent with the fact that they were secreted, as they are involved in responses to environmental stress or elicitation of the plant basal defence (Abramovitch et al., 2006) .
Proteins identified as being extracellular were classified into six functional groups according to the SubtiList Functional Classification Code (Table 1 ). The enzymes involved in Class 2, 'Metabolism', represent the largest group, with 45 % of all identified proteins. This group consists of proteins involved mainly in the degradation of carbohydrates derived from plant cell walls, as well as an enzyme which hydrolyses chitin, a ubiquitous polymer of fungal origin. A prominent group of 'metabolic enzymes' is comprised of proteins involved in the metabolism of amino acids, lipids, phosphate and iron (6 %). Proteins secreted into the growth medium sampled after entry into the stationary phase. Proteins were separated by IEF using gel strips in the pH range 3-10 and 15 % polyacrylamide gels. Gels were stained with colloidal Coomassie blue G-250. Protein spots refer to Around 23 % of the extracellular proteins were involved in Class 1, 'Cellular processes' (cell wall, cell division and transport). Several proteins in this group are known to be lipoproteins, accounting for 9 % of the identified proteins. These are expected to be anchored to the bacterial cell wall. Those proteins are mainly involved in the transport of oligopeptides or various metals such as iron through the membrane. Other prominent groups of proteins are involved in the detoxification of oxygen radicals or survival under stress conditions.
Approximately 11 % of the extracellular proteins were of unknown function. Many of these were similar to gene products expressed in B. subtilis, and other bacteria, and whose functions have not yet been assigned. However, their secretion indicates that they may play a role in responding to the extracellular environment. Interestingly, four proteins with similarity restricted to B. amyloliquefaciens (RBAM004640, RBAM017400, RBAM017640 and RBAM018080) were identified in the secretome of B. amyloliquefaciens FZB42 (Table 1) .
Differential expression of the extracellular proteome of B. amyloliquefaciens FZB42 in the late exponential and stationary growth phases Secretion of proteins into the growth medium changed during the cell cycle. As mentioned above, secreted proteins DThe percentage of protein abundance corresponds to the percentage of the specific spot volume related to the total spot volume in the extracellular proteome during late exponential and stationary growth. The PDQuest quantification tool was used to calculate the percentage of the specific spot volume after background subtraction.
K. Kierul and others were more abundant in the stationary phase than in the late exponential phase. The changes in production of extracellular proteins throughout the growth cycle were illustrated in a merged image (Fig. 2) composed of averaged 2D gels representing the late exponential and stationary growth phases created by using the false-colour imaging of Delta 2D software (Decodon). Most of the proteins that were present at low concentrations or only during the late exponential phase belong to the group of cytoplasmic proteins (Fig. 2,  green spots) . This may indicate reduction of cell lysis during the stationary phase. In addition, the quantities of certain proteins involved in cell wall turnover and peptidoglycan hydrolysis [DL-endopeptidase (CwlO) and D-alanine carboxypeptidase (YodJ)] were reduced, which suggests slowing down of cell growth.
More proteins involved in detoxification were found in the secretome of cells during the late exponential phase. The presence of oxygen radical-detoxifying proteins in the extracellular proteome of phytopathogens has been associated with neutralizing the oxidative burst by which plants challenge infecting bacteria (Abramovitch et al., 2006 ). Thus, the higher level of secretion of superoxide dismutase (SodA) and alkyl hydroperoxide reductase (AhpC) during the late exponential phase may indicate that, at this point of cell growth, bacteria may be coping with oxidative stress.
SodA contributes to oxidative stress resistance as it is responsible for the detoxification of oxygen radicals (Inaoka et al., 1999) . The sodA gene also appears to play a major role in colonization of the rhizosphere in Bacillus cereus (Wang et al., 2007) . Thus, secretion of these proteins by B. amyloliquefaciens could be important for establishing interactions with plants and their establishment in the rhizosphere.
The secretion of cold-shock proteins during the late exponential phase was approximately six times higher than during the stationary phase. It was suggested that cold-shock proteins are a novel class of bacterial elicitors, for which plants that are members of the order Solanales have developed specific and sensitive chemoperception systems (Felix & Boller, 2003) . Although cold-shock proteins lack signals for secretion, it is unlikely that accidental cell lysis during culturing would generate such high amounts of those proteins in the extracellular medium and an alternative mechanism of protein release should be considered. It is tempting to speculate that the extracellular presence of these proteins may contribute to the overall beneficial effects that B. amyloliquefaciens FZB42 exerts on plants, in this particular case by induction of innate plant immunity.
Two cell wall-related proteins with affinity to components of the cell wall were found in the secretome of B. DProteins isolated from the cultures grown until the late exponential or stationary phase. dProtein spot abundance, expressed as normalized percentage volume (vol.%), corresponds to the percentage of specific spot volume related to the total spot volume in the extracellular proteome. §Proteins were considered significantly different when P ,0.05 and fold change .1.5 or ,-1.5. Influence of root exudates on B. amyloliquefaciens amyloliquefaciens FZB42 (i.e. CwlO and YodJ) . Such proteins were also observed in the secretome of other bacilli (Tjalsma et al., 2004; Voigt et al., 2006) . Interestingly, these proteins were secreted at a higher level during late exponential growth, indicating a more vigorous cell turnover than during the stationary growth phase. Alternatively, their decrease in the extracellular proteome of stationary phase cells could be due to the enhanced action of extracellular proteases.
B. amyloliquefaciens secretes more proteins during the stationary phase than during the late exponential phase ( Table 1 ). The expression of many extracellular macromolecule-hydrolysing enzymes is repressed during exponential growth due to mechanisms of carbon catabolite repression (Görke & Stülke, 2008) , but when cells reach the stationary phase, their expression increases. This is controlled by the DegSU two-component system (Ogura et al., 2001) . When bacteria enter the stationary phase (meaning that readily metabolizable substrates are exhausted), expression of degradative extracellular enzymes is enhanced, making additional nutrients accessible for nourishing the starving cells.
There were 81 proteins secreted regardless of the growth phase (Fig. 2, yellow spots) . These proteins are important components of the B. amyloliquefaciens secretome and are likely to play essential roles as they are present in both growth phases.
The largest groups of secreted proteins identified in both growth phases were enzymes involved in the metabolism of carbohydrates and amino acids (Table 1) . Proteases were secreted during both growth phases, although not at the same level. Bpr (bacillopeptidase F) and AprE (subtilisin E), for example, were strongly enhanced during the stationary growth phase. Secretion of enzymes hydrolysing plant-derived substrates by B. amyloliquefaciens probably contributes to its biocontrol activities, as oligosaccharides derived from the degradation of plant cell walls have been shown to act as elicitors of plant defence (Ebel & Scheel, 1997) . Proteins involved in phosphate mobilization [3-phytase precursor (Phy)] and phosphate acquisition upon phosphate starvation [phosphodiesterase (PhoD)] were secreted into the growth medium only during phosphate starvation in the stationary phase (Fig. 1b) , corroborating that expression of phy in B. amyloliquefaciens depends on the PhoPR two-component system (Makarewicz et al., 2006) . Secretion of phytase, an enzyme that immobilize phosphorus as insoluble organic phytates accessible for plant nutrition (Idriss et al., 2002) , was enhanced during stationary growth of B. amyloliquefaciens FZB42. The ABC-type phosphate transporter (PstS) was strongly upregulated in cells during the stationary phase, which indicates that B. amyloliquefaciens FZB42 endures phosphate starvation in this growth stage. Secretion of phytase together with increased expression of a phosphate transporter during the stationary phase may be a strategy that B. amyloliquefaciens FZB42 employs to fulfil its own demands for phosphorus.
Protein secretion in response to root exudates
Quantitative evaluation of protein spots was performed to identify bacterial protein species that were differentially secreted in response to maize root exudates.
Image analysis of proteomic maps (three technical replicates of three biological replicates) revealed statistically significant variations between the conditions tested. At the late exponential growth phase, 16 protein spots presented significant fold change variations (P,0.05) in response to root exudates. In particular, nine of the protein spots were upregulated and seven were downregulated (Table 2) . During the stationary phase, 19 protein spots were differentially expressed in response to root exudates (P,0.05). Seven of these were upregulated and 12 were downregulated. Taken together, most of the proteins responding to root exudates were involved in the metabolism of carbohydrates or amino acids, or associated with transport (Table 2) .
Enzymes hydrolysing polymeric carbohydrates. Several enzymes involved in the degradation of polymeric plant cell wall components were upregulated during the late exponential and stationary growth phases by root exudates: arabinase (AbnA), glucomannanase (GmuG) and xylanase (XynC). Expression of the glucomannan-degrading enzyme (GmuG) was almost sixfold higher when compared with the control without root exudates (Fig. 3) . These results indicated the presence of carbohydrate polymers in root exudates, as expression of the abnA and gmuG genes is stimulated by their substrates (Raposo et al., 2004; Sadaie et al., 2008) .
Amongst the proteins whose secretion was slightly reduced in the presence of root exudates in the late exponential phase (Fig. 4) were chitosanase (Csn) and endo-b-1,3-1,4-glucanase (BglS). Both enzymes degrade hemicelluloses. Chitosan (a product of chitin hydrolysis) elicits systemic plant resistance against fungi when applied as a seed treatment or soil amendment (Benhamou et al., 1994) . Secretion of chitosanase was not affected by root exudates in the stationary phase. However, a putative chitin-binding protein (ChbB) was overexpressed with a ninefold change by root exudates (Fig. 4) , suggesting that depolymerization of chitin may occur in the stationary growth phase. Further studies will have to be performed to elucidate the suggested beneficial role of B. amyloliquefaciens FZB42 chitosanase in interactions with plants.
During the stationary growth phase, the strongest response to maize root exudates was observed for a penicillinbinding protein involved in cell wall morphogenesis (PonA) (Fig. 3) . PonA represented only 0.49 % of the total relative spot volume and was detectable in the growth medium only when root exudates were added. The ponA gene is regulated by the s M factor, which is recruited under cell envelope stresses (Eiamphungporn & Helmann, 2008) . As plants are known to release antimicrobial compounds in root exudates (Lanoue et al., 2010) , it is possible that PonA was induced as a response to K. Kierul and others antimicrobial compounds present in maize root exudates. However, its particular role during stress responses still remains to be investigated.
Other proteins involved in plant-microbe interactions. The protein with the highest secretion in the presence of maize root exudates during the late exponential phase was Influence of root exudates on B. amyloliquefaciens the alsS gene product, acetolactate synthase (AlsS). AlsS was visibly secreted only when maize exudates were added to the growth medium (Fig. 3) (Newman et al., 2013) , which may contribute to the biocontrol attributes of B. amyloliquefaciens. Higher expression of flagellin-related proteins in the presence of root exudates may be a specific response to plant-derived signalling molecules rather than to substrates provided in the supplemented root exudates.
A more than sevenfold change was detected in the presence of root exudates for the putative NADH-dependent flavin oxidoreductase (YqiG) (Fig. 3) , which may possess an antioxidant function. Transcription of the yqiG gene was sevenfold enhanced in the presence of H 2 O 2 (Mostertz et al., 2004) . Another enzyme, possibly also involved in oxygen stress response caused by plant root exudates, thiol peroxidase (Tpx), was increased when root exudates were added to the culture. The tpx gene encodes a predicted thiol peroxidase, an antioxidant enzyme, which reduces lipid hydroperoxides to protect membrane lipids from destruction by reactive oxygen species (Lu et al., 2008) . The tpx gene transcription is also enhanced in the presence of H 2 O 2 (Mostertz et al., 2004) .
Proteins involved in amino acid utilization. Given that maize root exudates are rich in amino acids and oligopeptides (Carvalhais et al., 2011) , it was not surprising that expression of a lipoprotein involved in transport of oligopeptides across the cell wall [oligopeptide ABC transporter (OppA)] was enhanced twofold when root exudates were added (Table 2 ). In addition to its function in the transport of oligopeptides that will be used as carbon and nitrogen sources, oligopeptide permease was shown to be required for the import of signalling peptides, which regulate processes such as virulence, antibiotic production and biofilm formation and development (Lazazzera, 2001) . Whilst OppA was enhanced in the late exponential phase, the oligopeptide-binding protein AppA was enhanced during stationary growth. These results are supported by our previous analysis of the B. amyloliquefaciens FZB42 transcriptome (Fan et al., 2012) .
Two paralogous proteins bearing 83 % identity in their amino acid sequences [3-hydroxy-1-pyrroline-5-carboxylate dehydrogenase (RocA) and 1-pyrroline-5-carboxylate dehydrogenase PutC)] were significantly repressed by root exudates during the late exponential phase (Table 2 ). RocA and PutC are involved in the catabolism of arginine and ornithine (Calogero et al., 1994) , and proline (Moses et al., 2012) , respectively. Similarly, the glutamate dehydrogenase [arginase (RocF)], also involved in arginine utilization (Belitsky & Sonenshein, 1998) , was found to be downregulated in the presence of root exudates. Not surprisingly, enzymes involved in amino acid synthesis, including aspartate-semialdehyde dehydrogenase (Asd), were downregulated in the presence of root exudates (Fig. 4) .
Iron and phosphorus. Several ABC-type transporters were affected by root exudates, especially during the stationary phase. Remarkably, proteins involved in the transport of iron were downregulated. Iron is a growth-limiting ion required as a cofactor for many enzymes involved in the maintenance of basic metabolic pathways. Iron ions are present in mature grains of maize and can be found in seed exudates after imbibition. High concentrations of iron in the cell can result in the production of oxygen radicals that can cause severe damage to the majority of cellular biomolecules (Touati, 2000) . Two proteins involved in the transport of iron via siderophores [ABC transporter for the siderophores (FeuA) (Miethke et al., 2006) and petrobactin ABC transporter (YclQ) (Zawadzka et al., 2009) ] were found to be repressed by root exudates (Fig. 4) . Increased secretion of the phosphate ABC transporter (PstS), involved in the transport of phosphate during phosphate starvation, was also observed in the presence of root exudates.
Other genes affected by root exudates. YrpD, a putative lipoprotein of hitherto unknown function, responded to root exudates with almost fivefold higher secretion. Malate dehydrogenase (Mdh), bearing no predicted signal for secretion and with a clear cytoplasmic function, was identified as being part of the extracellular secretome. Mdh was highly expressed when root exudates were present in the medium (Fig. 4) , most likely due to its high content of organic acids (Carvalhais et al., 2011) .
Other downregulated proteins are involved in glucose and pyruvate metabolism: the phosphotransferase systemdependent sugar transport proteins (PtsI and PtsH) and the subunit E2 of the pyruvate dehydrogenase complex (PdhC) that links glycolysis with the tricarboxylic acid cycle. PdhC was identified previously as an integral membrane protein in the B. subtilis proteome (Hahne et al., 2008) . Transcription of both operons, ptsGHI and pdhABCD, is subject to negative stringent control during amino acid starvation in B. subtilis (Tojo et al., 2010), K. Kierul and others indicating the presence of amino acids in the root exudates. A putative tellurium resistance protein (YceE) involved in the cell response to stress caused by ethanol and low temperature (Cao et al., 2002) was downregulated (Fig. 4) . In addition, the expression of the 29-phosphodiesterase/39-nucleotidase (YfkN), involved in acquisition of phosphate (Chambert et al., 2003) Table 2) .
Differences between transcriptomics and proteomics analyses
Altered gene expression in B. amyloliquefaciens FZB42 in response to root exudates has previously been determined on the transcriptomic level (Fan et al., 2012; Carvalhais et al., 2013) . However, the results obtained in this proteomic study did not completely correspond with those findings. Only in a few cases, such as for alsS, fliD and bglS, was a direct correlation of gene expression on the transcriptomic and proteomic levels established. There is a wealth of literature reporting results with contrasting conclusions on the correlation between protein and mRNA levels. However, as in the case of the present study, a weak correlation is usually the general consensus. It has been suggested that transcriptional profiling analyses, although relatively informative, fail to provide a systematic approach to understand biological systems for a number of reasons: (i) mRNAs and proteins have distinct in vivo half-lives, and (ii) post-transcriptional, translational and protein degradation regulatory processes that strongly affect quantities of proteins are not taken into account (Vogel & Marcotte, 2012) . Particularly at the translational stage, many factors were found to play a role in protein synthesis, including the dependence on a complementary binding of the ShineDalgarno sequence (~10 bases upstream of the start codon) for an effective anchoring of ribosomes onto the mRNA; sequences located further downstream of the start codon appear to affect translation due to the biased use of synonymous codons in high-abundance proteins from E. coli (Stenström et al., 2001) ; and the availability of amino acids is crucial for an effective translation (Akashi & Gojobori, 2002) . Other factors also contribute to a limited overlap of differentially expressed genes between transcriptomics and proteomics approaches, such as the fact that proteomics analyses based on 2D gel electrophoresis consider only a portion of the translated proteins as these are investigated within a defined range of isoelectric points and masses. Finally, statistical challenges hinder the correlation of findings between transcriptomics and proteomics (Nie et al., 2007) . Transcriptomics is a convenient approach due to its high throughput and, therefore, cost effectiveness. Proteomics is rather more restricted in terms of coverage as charge, size, stability and hydrophobicity of proteins affect their detection when using the methods currently available (Hegde et al., 2003) . Nevertheless, the latter provides a more realistic snapshot of the processes occurring when post-translational and transcriptional regulatory events have to be considered. Thus, both approaches are complementary and provide valuable insights into cellular processes taking place at different stages of gene expression. For these reasons it is remarkable that root exudate-dependent expression of acetolactate synthase (AlsS), an enzyme involved in the synthesis of important bacterial messengers (volatiles) in the plant, was corroborated by the two different approaches of functional genomics applied in B. amyloliquefaciens FZB42.
